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The most recent experimental measurements of the weak mixing angle Vuh are sum- 
marized. Inclusive and exclusive analysis techniques are described, including a new exclu- 
sive analysis by the CLEO collaboration measuring the B Tviiy branching ratio. Future 
prospects are discussed. 



I. INTRODUCTION 

The Standard Model of electroweak interactions is undeniably one of the most successful theories in particle 
physics, accommodating all observed phenomena to date. For all its glory, the theory has the undesirable 
feature that most of its parameters, although physically well motivated, must be determined empirically. 

As an example, the way in which the weak interaction can mix quarks of different flavor is described by 
the Cabibbo-Kobayashi-Maskawa matrix The nine entries in this 3x3 matrix contain information 

about the relative strengths and phases with which the (ii, c, t) quarks couple to the ((i, 5, b) quarks, and 
their values must be measured experimentally. Our present knowledge of the magnitudes of these parameters 
are summarized below Q. 

fVud Vus Vub\ /0.9747^ 0.9759 0.218 ^ 0.224 0.002 ^ 0.005 \ 
y = [ Vcd Vcs Vcb ] = [ 0.218 ^ 0.224 0.9738 ^ 0.9752 0.032 ^ 0.048 (1) 
\Vtd Vts Vth) V 0.004 ^ 0.015 0.030 ^ 0.048 0.9988 ^ 0.9995/ 

Note that the extreme diagonal elements, Vuh and Vtd^ are the least well determined. 

In this paper the latest inclusive and exclusive measurements of the ratio iKib/Kbl will be discussed. These 
were both made by the CLEO collaboration, using data accumulated at the Cornell Electron Storage Ring 
(CESR). In the CLEO-II detector, three concentric tracking devices provide charged-particle momentum 
resolution of cr^/p = 0.005 + 0.0015p {p in GeV/c), and a 7800 crystal Csl calorimeter provides neutral 
shower energy resolution of (Je/ E = 0.019 — 0.001£^ + 0.0035/£^^"^^. More detailed information is available 
elsewhere Q. 

The data sample used in the inclusive analysis consists of 924 pb~^ accumulated with the CESR center of 
mass energy tuned to the T(4S) resonance, and 416 pb~^ accumulated at energies below the BB production 
threshold. The more recent exclusive analysis was done using approximately a factor of two more data. 

II. INCLUSIVE MEASUREMENTS 

All determinations of Vuh to date have been made by studying charmless semileptonic decays of B mesons 
produced in e+ — e~ collisions with center of mass energy at or near the T(4S) resonance [^|-^. These are all 
measurements of the inclusive momentum-dependent rate of leptons, dNi/dPi, from B Xuij^ decays 

Since the rate of 6 ^ u£u is very small, the main experimental challenge in these analyses is the suppression 
of backgrounds. For inclusive b u£u analyses, the three main sources of unwanted leptons are b 
civ decays, other B meson decays (for example B t/jX^ip and continuum (non BB) events. 

"Fake" leptons, for example tt's that penetrate the detector iron and are misidentified as /i's, must also be 
considered. 



A. 6 ^ ciiy Suppression 

The elimination of b ^ ciu decays from the b uiu sample is achieved with a simple lepton momentum 
cut. As can be seen in Fig. |l|(a), the kinematic endpoint momentum of leptons from B Xc^y is about 2.4 
GeV/c [|ll|]. Fig. 0(b) shows theoretical lepton spectra for several models of 6 ^ uiv p!^-|l^. Although the 
models differ significantly in detail, they all share the basic kinematic feature that the lepton momentum 
endpoint extends to ~ 2.6 GeV/c. 
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FIG. 1. (a) Inclusive lepton momentum spectrum showing the b ciiy (dashed hne) and b ^ c ^ yiiy (dot-dashed 
Une) components, as weh as the total fit to CLEO data using the ACCMM model (solid line), (b) The predicted 
b uiiy lepton momentum spectra for the ACCMM (solid line), ISGW (dotted line) and WSB (dashed line) models. 



B. Continuum Suppression 

Leptons from non- BB continuum events, for example e+e~ ^ cc, c ^ siu^ are not kinematically excluded 
from the inclusive b uiv signal region between 2.4 and 2.6 GeV/c. This is a large source of background, 
and is dealt with in two steps. First, a set of continuum suppression requirements are used to eliminate most 
of these events. Second, the remaining background is removed by subtracting the luminosity scaled lepton 
spectrum obtained by analyzing "signal free" data accumulated at center of mass energies below the BB 
production threshold. 

The most powerful continuum suppression requirements are topological in nature, designed to select the 
typically spherical BB events while rejecting the more "jetty" continuum background. The shape variable 
used by CLEO is the Fox- Wolfram parameter R2 = H2/H0 [0. The missing momentum of an event, 
Pmiss^ provides additional discrimination against continuum processes. This quantity should be large for 
b u£u events where the neutrino carries off appreciable momentum. The requirements that R2 < 0.2, that 
Pmiss > 1 GeV/c, and that the lepton and missing momentum point into opposite hemispheres are used. 
The net effect of these cuts is to reduce the continuum background by a factor of 70 while maintaining 38% 
efficiency for the b u£u signal. 

The statistical uncertainty introduced by the continuum subtraction is a function of the size of the con- 
tinuum data sample. The normal operating mode of CESR/CLEO-II is to accumulate data on the T(4S) 
resonance two-thirds of the time, and just below BB threshold the remaining one-third. The resulting con- 
tinuum data sample is large enough that the error introduced by the subtraction are much smaller than the 
statistical error on the signal yield. 

C. Other Backgrounds 

After continuum suppression and subtraction, the events remaining in the lepton momentum endpoint 
region are either true b uiu signal or non-continuum background. This background is due to leptons from 
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FIG. 2. CLEO-II inclusive lepton momentum distributions. Shown in (a) are lepton spectra from T(4S) (filled 
circles) and continuum (hatched histogram) data, as well as a fit to the continuum lepton distribution (solid line). 
The filled circles in (b) show the result of subtracting the fitted and scaled continuum distribution from the T(4S) 
data. The solid histogram shows the predicted contribution from b civ decays. 



Extracting iKib/Fc^l from the endpoint data involves several model dependent factors: 



Veb 



In this expression Bch is the h civ branching ratio and ABub{p) is the partial branching ratio observed in 
the endpoint signal region [0: 

ABM = (3) 

where Nub{p) is the number of b ^ uiu events in the signal region, e{p) is the detection efficiency for these 
events, and 2A/'^-g is the number of B mesons produced. ABub{p) is somewhat model dependent since the 
detection efficiency e depends weakly on the shape of the lepton momentum spectrum. 

The term d{p) is the product of several strongly model-dependent factors: 

d{p)=fu{p)^ (4) 

7c 

where fu{p) is the fraction of the total b u£u spectrum in the endpoint signal region (model dependence 
on spectrum shape), and ju relates the semileptonic width and Vub via Tb^uiu = 7n|K^6p [iS), (model 
dependence on spectrum area). 
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Table I shows the factors d{p) and e{p) as weh the final extracted CLEO values of ABub{p) and iKtb/V^cbl 
for various models. The model-dependence of iKb/V^cbl is larger than the experimental uncertainty, and at 
present is the biggest factor limiting the accuracy of this measurement. 



TABLE I. CLEO-II results for d{p), e(p), ABub{p) and |Kib/Vcb|. The values listed for d{p) and e{p) were calculated 
for the momentum range 2.4 < p^(GeV/c) < 2.6, and are shown to illustrate the effect of model dependence. The 
values of ABub{p) and represent the extended signal region 2.3 < pi(GeV /c) < 2.6. 



Model 






d{p) 


eip) 


10^ X AB^tip) 


\Vub/Veb\ 


ACCMM 




0.12 


0.16 ±0.01 


154 ± 22 ± 20 


0.076 ± 0.008 


ISGW 




0.05 


0.21 ±0.02 


121 ± 17± 15 


0.101 ±0.010 


WSBJ 


ij 




0.11 


0.20 ±0.02 


122 ± 17 ± 16 


0.073 ± 0.007 


KS jl9 
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0.19 


0.22 ±0.02 


115 ± 16 ± 15 


0.056 ± 0.006 



III. EXCLUSIVE MEASUREMENTS 



The CLEO collaboration has recently observed the exclusive charmless semileptonic decay mode B ttIu. 
Measurement of this and other exclusive channels will provide a new avenue for determining iKib/'^cbl and 
studying the b uiu form factors, and should be a powerful tool for testing the various available models. 

This section will provide some details of the CLEO B Mv analysis, where h is tt^, tt^, p^, oi u. 
Table || lists the theoretical predictions for the partial widths oi B ^ iriv and B piv^ and their ratio. 
Note again that the predicted widths show a strong model-dependence. 



TABLE IL Predictions for the exclusive partial widths r(B^ tt iv) and r{B^ p iv). 



Model r(B° - 


7T-iiy) [lO'^lKfel^ sec-'] r(B° - 


-^p-iiy) [lO^'lKbl' sec-'] r(B° - 


p-iu)/r{B^ 7T-£iy) 


ISGW PI 


2.1 


8.3 


4.0 


WSBM| 


6.3 - 10.0 


18.7 - 42.5 


3.0 - 4.3 


KS |l^ 


7.25 


33.0 


4.6 


ISGW II [|o| 
FGM |l[ 


9.6 


14.2 


1.5 


3.1 ±0.6 


5.7 ± 1.2 


1.8 ±0.5 



A. Neutrino Reconstruction 



The difficulty with exclusive reconstruction of semileptonic decays is the lack of knowled ge o f the unde- 
tected neutrino's 4-momentum. Using the large solid-angle coverage of the CLEO-II detector |22j to measure 
the total momentum and energy of the rest of the event, CLEO is able to infer {Ej^^piy) of the neutrino from 
the missing momentum and energy (EmissiPmiss) of the event as a whole: 

^ Emiss = "^Ei^eam " ^mlas Pi^ ^ Pmiss = —Pmeas (5) 

where E^l^^ {Pmeas) the total measured energy (momentum) of all tracks and showers in the event. 
Analysis of Monte Carlo generated B iriiy events yields resolutions of 110 MeV and 260 MeV for \pj^\ and 
Ejy respectively. 

This method assumes the neutrino from b uiu is the only undetected particle, making it crucial to reject 
events containing additional unseen particles (neutrinos and/or Kls). This is accomplished by demanding 
that candidate events have only one identified lepton, have zero net charge, and that the reconstructed mass 



of the neutrino (m^ = — Py) be consistent with zero |23 . 

Additional constraints are placed on the final state hadrons. Candidate tt^'s must have a 27 invariant 
mass within 2cr (about 12 MeV) of the nominal tt^ mass, and 27r (Stt) combinations must have invariant mass 
within 90 MeV (30 MeV) of the p {uo) mass. Identified leptons are required to have a momentum greater 
than 1.5 GeV/c (2.0 GeV/c) in the tt^z/ {p/uo£v) modes. 
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For events passing the abov e neutrino, meson, and le pton selection requirements, the reconstructed "beam 
constrained" B mass ttib V^beam ~ \Ph ^Vi ^ Pv\^ and energy difference /^E Ebeam - {Eh -Ei-\pj,\) 
are calculated. Real B Mv events should have /S.E close to zero and tub close to the B meson rest mass. 
Monte Carlo studies are used to determine the optimum location of the signal region in the /S.E — ttib plane, 
finding -250 < AE{MeV) < 150 and 5.265 < /^^(GeV/c^) < 5.2875. 

As in the inclusive analysis, event shape variables are used to suppress continuum backgrounds, and 
a continuum subtraction is done. The contribution from fake leptons is studied using data, and is also 
subtracted. The remaining background is predominantly due to b ^ civ decays containing an additional u 
or Kl^ and to cross-feed from other b uiu modes. 




Beam Constrained Mass (GeV) 



5.15 5.2 5.25 5.3 

Beam Constrained Mass (GeV) 



FIG. 3. Beam constrained mass distributions for combined Tviu (left) and piu (right) modes. The points are 
continuum and fake subtracted data, the histograms show the contribution from signal (hollow), b ciu (shaded), 
and b uiu cross- feed (hatched). 



B. Signal Extraction and Model Dependence 

After subtracting the contributions from continuum and fake leptons and selecting events in the 
signal region, the beam-constrained mass (m^) distributions of the five signal modes are simultaneously 
fitted. The shapes of the b ciu and cross-feed background contributions are obtained from Monte Carlo. 
The normalization of the b ciu background for each mode are free parameters in the fit. The isospin 
relations IT{B^ n-i^u) = r(5+ ^ tt^I^u) and ^T{B^ p-£^iy) = T{B^ p^l+u) ^ T{B^ ujI+u) 
constrain the relative neutral and charged meson rates. The total signal and cross- feed background for all 
five modes is in this way parameterized by two numbers N^^ and Np^ the total yield of tt events and p events 
respectively. 

The beam-constrained mass distributions for B Triu and B piu are shown in Fig. 0. The results 



of the fit for the case of B ^ iriu are summarized in Table III, where the signal yield, efficiency, b 
c£u background, and b uiu cross-feed probabilities are shown for both the ISGW and WSB models. 
Note that although the yields are very similar for both models, the efficiencies differ significantly. The 
contribution from higher mass and non-resonant b uiu modes, denoted "other uiu^^ , is fixed by inclusive 
lepton endpoint spectrum measurements. 

Many checks have been performed to verify that the observed signal is real, including fitting the energy 
difference {AE) distribution rather than the beam-constrained mass, examining the lepton momentum spec- 
trum and the distribution of angles between the pion and the lepton in the W rest-frame. More details of 
these studies, as well as a discussion of systematic errors, can be found elsewhere [M. 
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TABLE III. Backgrounds, efficiencies and fit results for the B iriiy analysis. 





ISGW 


TV iiy 


WSB 


ISGW 




WSB 


Raw Data 




30 






15 




Continuum Bkg. 




2.3 ±0.8 






1.0 ±0.5 




Fake Lepton Bkg. 




1.2 ± 0.3 






0.7 ±0.2 




other uiiy Bkg. 




0.6 






0.2 




Efficiency 


2.9% 




2.1% 


1.9% 




1.4% 


Signal Yield 


15.6 ±5.3 




16.3 ±5.3 


5.0 ± 1.7 




5.3 ± 1.7 


b^c Bkg. 


9.8 =b 1.1 




9.8 ± 1.1 


1.8 ±0.5 




1.7 ±0.5 


p/uj Bkg. 


3.8 =b 1.7 




3.4 ± 1.4 


1.8 ±0.8 




1.6 ±0.7 



Correcting the yield for efficiency results in a preliminary measurement of the B iriu branching ratio: 
B{B^ TT-iu) = (1.19 ± 0.41) X 10-4 using ISGW and (1.70 ± 0.55) x 10"^ using WSB. The errors shown 
are statistical only. 

For the vector meson modes the fit results are used to calculate an upper limit rather than a branching 
ratio since the non-resonant contribution is uncertain. Using the conservative assumption that there is no 
non-resonant b uiv background present in the B piv signal region, the 90% confidence level upper 
limits for B{B^ p'lv) is found using the ISGW (WSB) model to be < 3.1 x 10"^ (< 4.6 x 10"^), consistent 
with the upper limits previously published by CLEG [ p5| . 

One of the more interesting quantities that can be extracted from the data is an upper limit on the ratio 
of branching ratios B{B^ p-lu)/B{B^ it- Iv) < 3.4 at the 90% confidence level for both WSB and 
ISGW models. This can be directly compared to the ratio of partial widths found in Table 0. 

IV. CONCLUSIONS AND FUTURE PROSPECTS 

At present, the limiting uncertainly in l^nb/Kbl is theoretical. The statistical error of the inclusive 
measurements is about 10%, and the variation between models is at least twice as large. Even within a 
single model, variation of parameters within reasonable limits can yield significant changes CLEG is in 
the process of repeating its inclusive analysis with over than a factor of two more data, which will further 
decrease the statistical error of the endpoint analysis. 

Experiments can do more, however, to provide guidance to the theoretical community. With sufficient 
statistics, measuring the distribution of leptons in the inclusive endpoint region should provide useful 
feedback. The model dependence can in principle be reduced, or at the very least explored, by examining 
data in different regions of the — p£ plane. 

Semileptonic A5 decays may provide another avenue to study Vub- A measurement of the form factors in 
Ac Mv can be related to A5 p£u using SU(3) and HQET, and used to extract iK^b/Kbl l^^]- Several 
authors have discussed ways of relating the differential spectra for b uiu and b ^ to reduce the 
uncertainty in the endpoint region due to hadronization P8|-pl|. 

The statistical significance of exclusive measurements is still poor, but will improve with experimental 
running. It is unlikely that exclusive analyses will ever surpass inclusive measurements in terms of raw 
statistical accuracy, however they will certainly provide a very powerful tool for testing various theoretical 
models. The experimental limit on the ratio B{B^ p~iu)/B{B^ 7T~iu) < 3.4 at 90% confidence level is 
already slightly challenging for some. Other measurements such as lepton momentum spectra, q'^ distribution, 
and vector meson polarization will provide further theoretical tests [^. Exclusive measurements at low q^ 
may also prove valuable [Q. It has recently been shown that measurements of B ^ plv and B K^'il can 
be used to extract Vub using SU(3) and HQET |34). 

The theoretical problem of determining the form factors needed to calculate b uiu is also being ap- 
proached with lattice gauge calculations, and several groups are making progress [^5| -|38|. 

In conclusion, good theoretical and experimental progress is being made in the quest to determine l^nb/Fcbl, 
and the next few years should yield significant advances in both. 
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